Tracing magnetic fields is crucial as magnetic fields play an important role in many astrophysical processes. Earlier studies have demonstrated that Ground State Alignment (GSA) is a unique way to detect weak magnetic fields (1G > ∼ B > ∼ 10 −15 G) in diffuse media, they consider the situation when the pumping source is a point source, which applies when the star is very far away from the diffuse media. In this paper, we explore the GSA in the presence of extended radiation fields. For the radiation fields with a clear geometric structure, we consider the alignment in circumstellar medium, binary systems, disc, and Local Interstellar Medium (LISM). For the radiation fields with unidentified pumping sources, we apply the method of multipole expansion and discuss the GSA induced by each component. We demonstrate that for general radiation fields, it is adequate to consider the contribution from dipole and quadrupole radiation components. We find that in general polarization of absorption arizing from GSA coincides with the projection of magnetic field in the 2D sky with 90 degree degeneracy. We conclude that the GSA is a unique tool to detect the direction of weak magnetic field, and it can be applied to diffuse media in any radiation field. Subject headings: ground state alignment (GSA)-magnetic field-binary-Local ISM-multipole expansion
PHYSICS FOR GSA IN EXTENDED RADIATION FIELDS
2.1. Toy model for GSA We first discuss an idealized toy model for alignment to demonstrate the basic physics (see Yan and Lazarian 2006) . Let us consider an atom with the total angular momentum I = 1 on ground state and total angular momentum I = 0 on the upper state. Note that all the angles used in this paper are listed in APPENDIX B. As demonstrated in Fig 1(b) , we use M to denote the projection of the angular momentum to the direction of the incident resonance photon beam. On the ground state, it can have values −1, 0, and +1, while for the upper state, M can only be 0. Photons in the unpolarized beam are equally left and right circularly polarized, and the projections of them on the beam direction are +1 and −1 respectively. Thus, absorption of the photons induces transitions from the M = −1 and +1 sublevels. On the other hand, the decay from the upper state has equal probabilities to M = −1, 0, and +1 of the ground state. As a result, the atoms accumulate in the M = 0 ground sublevel from which no excitation is possible. This obviously changes the optical properties (e.g. absorption) of the media.
The role of magnetic fields is to mix different M states. For the interstellar medium, as the direction of radiation generally does not coincide with the magnetic field, the magnetic field redistributes the occupation on different sublevels. This is magnetic realignment in diffuse medium.
It is clear that the randomization in this situation is not complete and the realignment reflects the magnetic field direction. Note that magnetic mixing happens if the magnetic precession rate is much higher than the rate of the excitation from the ground state. This is true for most diffuse medium, and therefore the GSA is an excellent tracer for the magnetic field in diffuse medium.
All in all, for the atoms to be aligned, there must be enough degree of freedom (the quantum angular momentum number should be 1), as well as anisotropic incident radiation. In extended pumping sources, different from a point source, the incoming radiation is more isotropic, which results in the change of the degree of polarization. It is also essential to mention that the collision excitation rate should be lower than the radiative excitation rate. Such condition is satisfied in many astrophysical environments such as the interplanetary medium, interstellar medium, the intergalactic medium and so on.
Absorption and Emission
As demonstrated in earlier studies, there are three ways of using aligned atoms to trace magnetic field direction: 1. absorption lines (Yan and Lazarian 2006) ; 2. emission and fluorescent lines (Yan and Lazarian 2007) ; 3. emission and absorption lines related to transitions within splitting of the ground level (Yan and Lazarian 2008) .
For absorption lines in the optically thin case, the Stokes parameters are Q = −η 1 dI 0 , I = I 0 (1 − η 0 d), where η i are absorption coefficients provided in Yan and Lazarian (2006) , d is the thickness of the medium, and I 0 is the intensity of background. Because of fast precession of atoms in the ground state in magnetic fields, for unpolarized incoming light U = 0 means that the linear polarization is either parallel or perpendicular to the magnetic field. Thus, the degree of polarization P per unit optical depth
where σ 2 0 depends on θ r (the angle between the magnetic field and the dominant radiation direction) and is the normalized dipole component of the ground state density matrix, which is the actual measure of ground state alignment for absorption lines.
For emission lines, the incoming light is scattered by the aligned atoms. For optical thin case, the linear polarization degree P is defined by
Substituting Eq. (6) into Eq. (5), for the incoming radiation from (θ r , φ r ), the nonzero elements of the radiation tensors arē
where W is the dilution factor of the radiation field, which can be divided into an anisotropic part W a and an isotropic part W i . For extended sources, W i = 0. So we expect the degree of alignment and polarization to be reduced compared to the case of a point pumping source. We set the first terms on the left side of Eq. (3) and Eq. (4) to zero, and obtain the linear equations below for the steady state occupation of ground state atoms,
-Geometry for the radiation in circumstellar medium (a) Pumping radiation as a light cone A-BC. Point A: the place where GSA happens; Sphere O:the extended radiation source; θ c : the cone angle. (b) Original coordinate frame. z axis: the direction of magnetic field; line of sight lies on x-z plane; θ B , φ B : polar angle and azimuth angle for the axis of cone in this frame. (c) Coordinate conversion. xyz-frame: original coordinate frame defined in Fig 2(b) ; x'y'z'-frame: the original frame rotating around the z-axis so that the axis for the cone lies on the x'y'-plane; x"y"z"-frame: x'y'z'-frame rotating around the x'-axis so that z"-axis is the axis for the cone; θ r , φ r : polar angle and azimuth angle coordinates in xyz-frame; θ o , φ o : polar angle and azimuth angle coordinates in x"y"z"-frame.
Owning to the fast procession of magnetic fields, all Zeeman coherence components (q = 0) disappear (see Yan and Lazarian 2006) . And due to the selection rule of 3j symbols, onlyJ 0,2 0 components are involved. It is shown in Eq. (8) that ρ 2 0 ∝J 2 0 (see Yan and Lazarian 2007 for details) . ρ 0 0 (J l ) is the total atomic population on level J l . As an example, the irreducible tensor ρ 2 0 for
and the degree of alignment σ 2 0 ≡ ρ 2 0 /ρ 0 0 , which is the key parameter we calculate in this paper. The degree of polarization per optical depth depends on σ 2 0 (see Eq. 1). In extended radiation fields, the photons come from different directions. It is necessary therefore to integrate the radiation tensor over the solid angle of the extended radiation field Ω. 4 Specifically, if the radiation source can be identified, we treat the extended source as an integration of point sources. Each point source contributes a beam of light independently. We then integrate the contribution of angular momentum from each light. In the case where individual radiation source can not be pinpointed, e.g., the interstellar radiation field, we decompose the radiation field into a summation of multipoles and discuss the alignment in multipole components.
GSA IN CIRCUMSTELLAR MEDIUM
Considering a circumstellar region where a star is the dominant radiation source but is not far enough from the media to be treated as a point source. As demonstrated in Fig 2(a) , the incoming radiation from the star O to the medium region A forms a cone A-BC, which bears a symmetric axis: line OA. The cone angle θ c depends on the size of the star O and the distance between the star O and the medium A. The smaller the size of the star and the farther away the star is from the medium, the smaller the cone angle θ c is. The original radiation frame and angle coordinates θ B , φ B are defined in Fig 2(b) . The calculation is done in a different coordinate system, which is formed by rotating twice the original coordinate frame as demonstrated in Fig 2(c) . The mathematics involved in the coordinate conversion are demonstrated in APPENDIX A.
We calculate the alignment in this region and compare it with the alignment in the existence of a beam of light for absorption lines in Figure 3 . As examples, we consider SII and CII absorption lines in this paper.
The alignment of element SII by a beam of light has been demonstrated in Yan and Lazarian (2006 
Since we consider a general situation where the incoming light is unpolarized, the nonzero components to be calculated are those with k = 0, 2.
Using the formalism presented in §3, we obtain the degree of alignment for absorption lines in circumstellar medium:
in which f c (x, y) = 1 2 (3x 2 − 1)(−y 3 + y).
Substituting Eq. (10) into Eq. (1), we get the polarization for SII absorption lines in circumstellar medium: The results for SII absorption lines in circumstellar medium are given in Fig 3(a) .
Different from SII, atom species like CII have more than one ground levels. The atomic structure for CII has two ground levels 2P 0 1/2,3/2 . However, the level P 0 1/2 has only one density tensor ρ 0 0 and is not alignable, while the level P 0 3/2 has two density tensor ρ . As θ c gets smaller, the linear polarization approaches to the results for Na's D2 emission lines in a point source (Yan and Lazarian 2007) .
Results in this section verify that the radiation source can be treated as a point source when it is far away from the medium. Similar to the situation with a point source, we see that the alignment is either perpendicular or parallel to the magnetic field with the same switch point at Van Vleck angle in circumstellar medium. Therefore, 2D magnetic field in circumstellar medium can be directly determined by the direction of polarization with a 90 degree degeneracy. If we know the exact degree of polarization, 3D magnetic field can be traced.
GSA IN BINARY SYSTEMS
In this section we consider GSA in binary systems, which are quite common in the universe. Binary systems consist of two stars orbiting each other around the center of mass, and the researches for them since the early 19th century have suggested that quantities of stars are a part of a binary system. The famous examples for the binary systems are now hotly discussed in studies of star life (see Liebert et al. 2005) . Binaries can be surrounded by circumbinary disks. Examples for circumbinary disks can be found in Artymowicz et al. 1991 . Mathieu et al. (2000 argued that the circumbinary disks are important in understanding star formation.
We shall illustrate the geometry and parameters for GSA in binary systems in §5.1, and then discuss the method to detect the direction of the magnetic field in binary systems in §5.2.
Geometry and parameters for GSA in binaries
As demonstrated in §4, the pumping by a beam of light is the asymptotic limit of the pumping by a narrow cone of light. Thus for the sake of simplicity we treat the binary system as two points, as shown in Fig 5(a) . Circumbinary gaseous disks are geometrically coplanar with the binaries (see Artymowicz and Lubow 1994) . We illustrate the geometry of the binary system and define the angles in the binary system in Fig 5(b) . -(a) Simplification for a binary system. A and B: two pumping sources; C: interstellar medium; as demonstrated in §4, if the medium is enough distant from the pumping source, the radiation spheres can be simplified as two points. (b) Geometry for a binary radiation system. r 1 ,r 2 :radiation lines from the two sources; P r :plane of the binary system; B :the direction of the magnetic field; B r :the projection of B to the plane P r ; φ b :angle between the radiation plane and magnetic field. The geometric relation in the P r plane is further illustrated in the upper-right plot, in which α 1 and α 2 are the angles between B r and two radiation lines and ψ is the angle between the two radiation line.
From Fig 5(b) , we know
and the angles between the magnetic field B and two radiation lines can be represented as (cos α 1 cos φ) and (cos(Ψ − α 1 ) cos φ) respectively. We define r as the intensity ratio of r 1 and r 2 :
5.2. Results for binaries We sum up the contribution from the two radiation and obtain the radiation tensor as follows:
From the Eq. (15), we know that once the ratio r and the angle Ψ are known, magnetic field direction (φ b ,α 1 ) determines the degree of polarization. And we define which is the measure of the anisotropy of the binary system. Apparently, when r → 0 or ∞, the system goes back to the case of a beam of light.
Infixing Eq. (15) into Eq. (8), we obtain the degree of alignment for absorption lines in a binary system:
Substituting Eq. (17) into Eq.
(1), we get the polarization for absorption lines in a binary system:
We show the results for binary systems with different ratio r in Fig 6(a) , which indicate the closer the intensity of the secondary is to that of the primary the more isotropic the variation is. As an example, we consider a binary system with ψ = π/3 and r = 0.5, and provide the iso-contour plot in Fig 6(b) for polarization with different directions of magnetic fields (φ b ,α 1 ).
Alternatively, we can also use the iso-polarization contour as presented in Fig 7(a) to obtain the direction of the magnetic field (φ b ,α 1 ) for SII absorption lines and in , which is a general feature in binary systems for any atomic species. Therefore, 2D magnetic field in binary systems can be directly determined by the direction of polarization with a 90 degree degeneracy. If we know the exact degree of polarization, 3D magnetic field can be traced.
GSA IN DISC SHAPE RADIATION FIELD
In this section, we apply the method of GSA to the disc-shape radiation field, and discuss the alignment in Local Interstellar Media(LISM) as an example in §6.1. The diffuse medium in LISM is a suitable environment for GSA, and the polarization induced by aligned atoms are detectable to study the physical properties in LISM.
Geometry for the disc shape radiation field is demonstrated in Fig 8(a) . We consider that the intensity of the pumping source is evenly distributed, and 2α 0 is the flare angle of the radiation field. We consider thin disc and ignore the thickness of the radiation source. We assume that the magnetic field has two components: the direction along the circumference of the disc and the direction perpendicular to the disc, hereby B and B ⊥ , which means the projection of the magnetic field on the plane of disc is tangent to the disc, e.g., the topology large-scale structure of galactic magnetic fields in Spiral Arm.
As demonstrated in Fig 8( 
where R is the radius of the pumping source and d 0 is the distance from the center of the pumping source to the medium. We calculate the radiation tensor by integrating all the radiation from the disc and get
in which
Infixing Eq. (20) into Eq. (8), we obtain the degree of alignment for absorption lines in disc radiation: 
As demonstrated in Eq.20, J 2 0 equals zero when φ l is at arccos 2 3 f l (α 0 ) . Similar to the discussion in §4, a general feature for the polarization for absorption lines in radiation disc is its changing sign when φ l is at arccos We present iso-contour of the degree of polarization for φ l vs. α 0 in Fig 9(a) , which compares the alignment in diffuse medium with different flare angle of the radiation disc. Fig 9(a) demonstrates that the polarization for absorption lines changes sign when φ l is at arccos 2 3 f l (α 0 ) . Fig 9(b) compares the degree of polarization with different magnetic angle φ l , which indicates that the radiation is more isotropic with more proportion of B ⊥ .
6.1. GSA in LISM The radiation in LISM can be considered with a disc shape (see Mezger et al. 1982) . Geometry for LISM is demonstrated in Fig 8(b) , the anisotropic radiation component for LISM is a thin disc with the flare angle 2α 0 = 180
• .
Substituting Eq. (24) into Eq. (20), Eq. (22), and Eq. (23), we obtain the radiation tensor for LISM: 
We provide an iso-contour plot for different observing location vs. different direction of magnetic fields for SII absorption lines in Fig 10(a) and CII absorption lines in Fig 10(b) . J 2 0 = 0 when φ l = 35.3 • . Same as the discussions in §6.1, the polarization P for absorption lines in LISM changes sign when φ l is at 35.3
• . The results demonstrate that 2D magnetic field can be directly determined by the direction of polarization with a 90 degree degeneracy. We can further trace the direction of 3D magnetic field in LISM by observing the degree of polarization with GSA absorption lines.
GSA IN GENERAL RADIATION FIELDS
We have discussed the situations where the specific source of the radiation field can be identified. However, in some cases sources for the radiation field cannot be easily identified. In those cases we can apply the method of multipole expansion to decompose the radiation field and then discuss the GSA in multipole components respectively.
Decomposition of radiation fields
According to the theory of multipole expansion, we can decompose any radiation field in terms of irreducible representations of the rotational symmetry group, which leads to spherical harmonics and related sets of orthogonal functions. We calculate the contribution from each multipole component and sum them up to obtain the GSA in the total radiation field. As demonstrated in Jackson (1975) , any radiation can be decomposed into multipole moments. If we use f (θ, φ) to represent the spatial distribution of the radiation where (θ, φ) are the solid angles, we get
Here, Y m l (θ, φ) are the standard spherical harmonics, and C m l are constant coefficients which depend on the function. Different term l represents different multipole component. For example, l = 0 represents the monopole component; l = 2 represents the dipole component, whose intensity is
and l = 4 represents quadrupole components, whose intensity is
7.2. Physics for GSA in dipole radiation components The geometric distribution for dipole radiation component is presented in Fig 11(a) and Fig 11(b) in the direction perpendicular and parallel to the symmetrical axis respectively. We define the coordinate system in Fig 11(c) . Using similar calculation method in as presented in APPENDIX A, We get radiation tensor by inserting Eq. (29) The result for irreducible radiation tensor in dipole components is
Infixing Eq. (32) into Eq. (8), we obtain the degree of alignment for absorption lines in dipole radiation components:
Substituting Eq. (33) into Eq.
(1), we get the polarization for absorption lines in dipole radiation components:
49.2827 − 0.2809 cos 2 θ rd + (1.6795 cos 2 θ rd − 0.5598)(1 − 1.5 sin 2 θ)w 2
We see that θ rd = 54.7 • (Van Vleck angle), J 2 0 = 0. Similar to the discussion in §4, the polarization P for absorption lines in dipole radiation components changes sign at Van Vleck angle. 7.3. Physics for GSA in quadrupole radiation component For quadrupole radiation component, the geometric distribution is given in Fig 12(a) and Fig 12(b) in the direction perpendicular and parallel to the symmetrical axis respectively. We define the coordinate system in Fig 12(c) . The radiation tensor can be obtained by inserting Eq. (30) into Eq. (5):
The result for irreducible radiation tensor is
Infixing Eq. (36) into Eq. (8), we obtain the degree of alignment for absorption lines in quadrupole radiation components: 
We see that θ rq = 54.7 • (Van Vleck angle), J 2 0 = 0. Similar to the discussion in §4, the polarization P for absorption lines in quadrupole radiation components changes sign at Van Vleck angle. 
APPLICATIONS OF MULTIPOLE EXPANSION IN THE INTERSTELLER MEDIUM
8.1. Mutipole components for SII and CII absorption lines Figure 13 presents polarization for SII absorption lines in a beam of light in Fig 13(a) , dipole radiation components in Fig 13(b) , and quadrupole radiation components in Fig 13(c) . The degree of alignment is compared in Fig 15(a) , which demonstrates that the degree of alignment in the dipole and quadrupole radiation field are much smaller than the beam of light, owing to the fact that the dipole and quadrupole components are more isotropic. Figure 14 provides polarization for CII absorption lines in a beam of light in Fig 14(a) , dipole radiation components in Fig 14(b) , and quadrupole radiation components in Fig 14(c) . The degree of alignment is compared in Fig 15(b) , which shows again that the alignment in the dipole and quadrupole radiation field are smaller than a point source.
At θ = π/2 in Figure 13 and Figure 14 , the observed polarization reaches a maximum for the same θ r , which verifies Eq.(1). Therefore, atoms are indeed realigned along the direction of magnetic fields.
Polarization for multipole components
We demonstrate in this section how much higher order components influence the degree of alignment compared to lower order components. We define the intensity ratio of quadrupole components (u q ) and as dipole components (u d ):
Fig 16(a) presents the correction of polarization from adding quadrupole to dipole components with different intensity ratio w and different angle of axis θ dq , clearly illustrates that the contribution from dipole components is much more efficient than that in quadrupole components. Thus the contribution of higher order multipole components are even smaller than the quadrupole component and can safely be neglected. Therefore, it is adequate to count for the contributions up to quadrupole components for general radiation field.
In Fig 16(a) , the quadrupole components are less efficient when θ dq → π/2. Thus we present Fig 16(b) to illustrate the polarization with θ dq = 0 when the dipole axis coincides with quadrupole axis. In this paper, we extend the studies of GSA to general radiation fields in diffuse medium. We demonstrate that GSA can be applied to trace magnetic fields in diffuse medium in general radiation fields, which largely broadens the applicability of GSA in astrophysical circumstances. We present calculations of polarization for both absorption and emission lines. We fill in the gap for earlier studies on GSA by considering the alignment in different radiation fields. In addition, we apply the method of multipole expansion to radiation fields, and provide a method to calculate polarization in arbitrary radiation fields. We summarize our results on switch angle for different radiation sources in Table 1 .
Atomic alignment in identified radiation sources We have presented a method to trace the magnetic field in circumstellar medium, binary systems, disc, and Local ISM. Similar approaches can be applied to diffuse medium near other radiation sources with GSA. For radiation sources with a clear geometric distribution, we integrate the radiation tensor over its intensity distribution. Then we use the radiation tensor to calculate the degree of alignment and polarization, which can be observed directly. For instance, we can discuss multiple systems by considering each star as a point source and integrate all the incoming lights to the medium.
GSA in unidentified radiation sources For unidentified radiation sources, we use the method of multipole expansion and decompose the radiation fields into multipole components. Then we discuss polarization in each component, in particular, dipole and quadrupole components. We show that it is adequate to count the contribution up to the quadrupole components for general radiation fields.
The influence of collision In our studies, we consider the diffuse medium where the influence of collision is negligible. Collisions redistribute atoms to different sublevels though with reduced efficiency disalignment of the ground state requires spin flips (see Hawkins 1955) . We shall evaluate the effect of collision when it cannot be neglected on GSA induced by extended radiation fields in future work.
In the future, our method can be applied to obtain more information of the magnetic field in universe. Radiation of circularpolarized light could be included in the vicinity of reflected star light, for instance from the planet.
SUMMARY
We discuss the GSA in different radiation fields. Early studies demonstrate the GSA as powerful diagnostics when the pumping radiation source is a beam of light. We extend the applicability of GSA to the medium in the extended radiation sources including circumstellar medium, binary systems, disc, and Local Interstellar Medium. And for radiation fields with unidentified pumping sources, we use the method of multipole expansion. We discuss the alignment in each radiation component, provide a method to calculate the polarization, and hence trace the direction of magnetic fields.
1. GSA exists wherever the radiation field is anisotropic.
2. Absorption and Emission lines for GSA can be applied to trace magnetic field in diffuse medium in extended radiation sources.
3. The direction of polarization directly traces 2D magnetic field in the plane of sky. Same as in the case of beam, polarization for absorption lines is either parallel or perpendicular to the magnetic field in extended sources. And we provide the criteria at which the polarization flips for all the cases.
4. Three-dimension (3D) mapping of magnetic field can be determined with quantitative measurement of polarization from GSA.
5. The alignment with unidentified radiation source is dominated by the dipole and quadrupole components of the radiation fields.
We have benefited from valuable discussions with Thijs Kouwenhoven on binary systems and Jinyi Shangguan on atomic structure. We acknowledge the support by the Templeton senior grant from Beyond the Horizon program. APPENDIX A. FROM MAGNETIC FRAME TO RADIATION FRAME In circumstellar medium, the symmetry axis of the radiation may not be parallel to the magnetic field. To integrate the influence of the whole cone to the magnetic field, we need a transformation from the magnetic frame to the extended radiation frame. We illustrate the geometry for coordinate conversion in Fig 2(c) . We use θ o φ o for the angle coordinates in extended frame (x"y"z"-frame), θ r φ r for the angle coordinates in the magnetic frame. θ B , φ B are the coordinates for the axis of cone in xyz-frame in Fig 2(b) . We consider a line whose length equals 1 in the magnetic frame with the coordinates: sin θ r cos φ r sin θ r sin φ r cos θ r 
For absorption lines, we only need to consider σ 2 0 (see §2.2 for details). Therefore, we set sin φ B = 1.
And the angle coordinates in extended frame (x"y"z"-frame) are θ r = arccos (sin θ B sin θ o sin φ o + cos θ B cos θ o ) ,
B. A SUMMARY OF ANGLES USED IN THIS PAPER
angle between line of sight and magnetic field in Fig 1(a) θ azimuth coordinates in axial frame where line of sight is z-axis φ cone angle for radiation in circumstellar medium in Fig 2(a) θ c angle between radiation direction and magnetic field in Fig 2(b) θ r azimuth coordinates in xyz-frame in Fig 2(b) φ r angle between cone axis and magnetic field in Fig 2(b) θ B azimuth angle for cone axis in xyz-frame in Fig 2(b) φ B angle between radiation and cone axis in Fig 2(c) θ o azimuth coordinates in x"y"z"-frame in Fig 2(c) φ o angle between magnetic field and plane of radiation in binary in Fig 5(b) φ b angles on plane of radiation in Fig 5(b) α 1 , α 2 angle between two radiation lines in binary in Fig 5(b) ψ angle between magnetic field and the plane of pumping disc in Fig 8(a) φ l flare angle of radiation disc in Fig 8(a) α 0 angle between dipole axis and magnetic field in Fig 11(c) θ rd angle between radiation direction and dipole axis in Fig 11(c) Ψ kd azimuth coordinates in dipole frame in Fig 11(c) φ kd angle between quadrupole axis and magnetic field in Fig 12(c) θ rq angle between radiation direction and quadrupole axis in Fig 12(c) Ψ kq azimuth coordinates in quadrupole frame in Fig 12(c) φ kq angle between dipole axis and quadrupole axis θ dq
